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1
SPO1-SIZE CONVERTER

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a spot-size converter.

2. Description of the Related Art

Japanese Unexamined Patent Application Publication No.
2007-93743 (Patent Document 1) discloses an optical
waveguide having a spot-size conversion region. Without
using a spot-size converter such as a thermally expanded core
(TEC) fiber, an optical coupling with low loss can be provided
between a high A optical waveguide and a simgle-mode opti-
cal fiber (SMF), both of which have different spot sizes. The
optical waveguide having a spot-size conversion region
includes an optical waveguide having a waveguide core and a
ridge portion disposed at the fiber-coupled-end side of the
optical waveguide. The ridge portion functions as the spot-
s1ze converter. The cross section of the ridge portion has a
projecting shape. Furthermore, the width and height of the
ridge portion decrease in a waveguiding direction from the
fiber-coupled-end side.

SUMMARY OF THE INVENTION

A silicon (S1) optical waveguide 1s constituted by a core
layer having a high refractive index and composed of S1 and
a Cladding layer having a low refractive index and composed
of air or silicon oxide. This S1 optical waveguide constitutes a
so-called high Aoptical waveguide that has a large difference
in refractive index between the core layer and the cladding
layer. In this S1 optical wavegumde, the bend radius of the
waveguide can be decreased to about 5 um without generating,
the propagation loss of light. Furthermore, an optical circuit
can be downsized.

However, when the S1 optical waveguide 1s directly
coupled to a single-mode optical fiber (SMF), the coupling
elficiency between the S1 optical waveguide and the single-
mode optical fiber 1s considerably low. For example, the
coupling efficiency 1s 10% or less. The reason why the cou-
pling efficiency 1s low between the S1 optical waveguide and
the single-mode optical fiber 1s that the difference in spot size
between them 1s large. For example, the spot size of the Si
optical waveguide 1s about 0.5 um whereas the spot size of the
single-mode optical fiber 1s about 10 um. Therefore, the
mode-miss-matching 1s generated between the S1 optical
waveguide and the single-mode optical fiber, which decreases
the coupling efficiency. To suppress the decrease 1n coupling,
elficiency, a spot-size converter 1s formed 1n a light mput/
output portion of the S1 optical waveguide.

In Patent Document 1, the optical waveguide having a
spot-size conversion region has a structure in which another
core1s formed around the waveguide core in the ridge portion.
To change the shape of the modal field adiabatically, the other
core formed around the waveguide core has a tapered shape.
When such a structure 1s formed using a Si1 matenial, the
waveguide core 1s composed of S1 and the other core 1s com-
posed of SIN or S10ON, for example.

However, 1n the structure 1n which the waveguide core 1s
composed of S1 and the waveguide core 1s covered by the
other core composed SiN or S1ON, light guiding in the
waveguide core composed of S1 1s strongly confined 1n the
wavegui 1de core. Theretfore, the guided light hardly expands to
a region other than the waveguide core.

On the other hand, a spot-size converter according to the
present invention includes (a) a cladding layer having a prin-
cipal surface; (b) a first core layer disposed on the principal
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surface of the cladding layer, the first core layer having a light
input/output portion and a first transition portion having a
width W1 arranged along a first axis, the light input/output
portion extending from an end of the spot-size converter and
being coupled to the first transition portion, the light input/
output portion having a width that monotonously decreases 1n
a {irst direction from the light input/output portion toward the
first transition portion; and (¢) a second core layer disposed on
the principal surface of the cladding layer, the second core
layer being composed of a material different from a material
of the first core layer, the second core layer having a second
transition portion extending along a second axis and a propa-
gation portion coupled to the second transition portion, the
second transition portion having a width W2, the second axis
extending along the first axis. The first core layer has a refrac-
tive index between a refractive index of the second core layer
and a refractive index of the cladding layer. The first transition
portion and the second transition portion are disposed with a
gap therebetween and the first transition portion 1s optically

coupled to the second transition portion. The first core layer
has a thickness different from a thickness of the second core
layer. In addition, a ratio (W1/W2) of the width W1 to the
width W2 monotonously decreases in the first direction.

According to this spot-size converter, the core width ratio
(W1/W2) monotonously decreases in the first direction from
the light input/output portion toward the first transition por-
tion. Furthermore, the first core layer has a refractive index
between the refractive index of the second core layer and the
refractive index of the cladding layer. Thus, the second tran-
sition portion has a refractive index higher than that of the first
transition portion. Therefore, optical confinement 1n the first
transition portion or the second transition portion changes in
the first direction. As a result, the degree of an optical cou-
pling between the second transition portion and the first tran-
sition portion monotonously changes 1n the first direction.
Specifically, the degree of the optical coupling between the
second transition portion and the first transition portion
monotonously increases in the first direction. Theretfore, the
transition of guided light can be caused from one of the first
and second core layers to the other. Furthermore, the width of
the light input/output portion monotonously decreases 1n the
first direction while the thickness of the first core layer 1s
different from the thickness of the second core layer. Thus,
the spot size can be converted regardless of the material of the
second core layer and the width and thickness of the second
core layer.

In the spot-size converter according to the present imven-
tion, the first core layer may be terminated at a position away
from the end of the spot-size converter, and the second core
layer may be terminated at a position away from the end of the
spot-size converter.

In the spot-size converter according to the present inven-
tion, the width W2 of the second transition portion preferably
monotonously increases 1n the first direction.

According to this spot-size converter, the width W2 of the
second transition portion monotonously increases 1n the first
direction. In this case, the optical confinement of light in the
second transition portion decreases 1n a second direction that
1s opposite to the first direction. As a result, the modal field of
light 1n the second transition portion expands in the second
direction. Therefore, for example, when light 1n the first core
layer 1s guided in the first direction, the transition of light 1s
caused from the first core layer to the second core layer. Then,
the optical amplitude 1n the second core layer increases
because the light 1s ail

ected by the expansion of the modal
field 1n the second core layer. Alternatively, for example,
when light 1n the second core layer 1s guided 1n the second
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direction, the transition of light 1s caused from the second
core layer to the first core layer. Then, the optical amplitude 1n
the first core layer increases because the light 1s affected by
the expansion of the modal field 1n the second core layer.

In the spot-size converter according to the present mven-
tion, the gap between the first transition portion and the sec-
ond transition portion may be 150 nm or more and 240 nm or
less. According to this spot-size converter, the transition of
light from one of the first and second core layers to the other
can be caused with high efficiency at least in the above-
described range of the gap.

The spot-size converter according to the present invention
may further include an over-cladding layer disposed on the
principal surface of the cladding layer, the first core layer and
the second core layer, the over-cladding layer covering the
first core layer and the second core layer. The over-cladding
layer 1s preferably disposed between the first transition por-
tion and the second transition portion. According to this spot-
s1ze converter, the coupling between the first transition por-
tion and the second transition portion and the degree of
expansion of the modal field are adjusted by controlling the
refractive index of the over-cladding layer disposed between
the first transition portion and the second transition portion.

In the spot-size converter according to the present mven-
tion, the width W1 of the first transition portion preferably
monotonously decreases in the first direction. According to
this spot-size converter, the width W1 of the first transition
portion monotonously decrease in the first direction. Then,
the expansion of the modal field of light guiding 1n the first
transition portion of the first core layer increases 1n the second
direction that 1s opposite to the first direction.

In the spot-size converter according to the present mven-
tion, the width W1 of the first transition portion may be
constant 1n the first direction. According to this spot-size
converter, the ratio (W1/W2) of the width W1 of the first
transition portion to the width W2 of the second transition
portion monotonously decreases 1n the first direction while
the width W1 of the first transition portion 1s constant 1n the
first direction. Consequently, the expansion of the modal field
of light guiding 1n the second transition portion of the second
core layer increases 1n the second direction. Thus, the shape
of the modal field 1n the second transition portion 1s changed
acdiabatically. This realizes highly efficient spot-size conver-
5101.

In the spot-size converter according to the present mven-
tion, the gap between the first transition portion and the sec-
ond transition portion may monotonously decrease 1n the first
direction. According to this spot-size converter, when the gap
between the first transition portion and the second transition
portion monotonously decreases in the first direction, the
modal field of the first transition portion expands so as to
overlap the second transition portion.

In the spot-size converter according to the present mven-
tion, the first core layer may further have a first curved
waveguide portion that 1s curved on the principal surface of
the cladding layer; the first core layer may be terminated at a
position away from the end of the spot-size converter; the first
curved waveguide portion may be coupled to one end of the
first transition portion; and the light input/output portion may
be coupled to another end of the first transition portion.
According to this spot-size converter, the first curved
waveguide portion can reduce the reflection at the terminal of
the first core layer.

In the spot-size converter according to the present mven-
tion, the second core layer may further have a second curved
waveguide portion that 1s curved on the principal surface of
the cladding layer; the second core layer may be terminated at
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a position away from the end of the spot-size converter; the
second curved waveguide portion may be coupled to one end
of the second transition portion; and the propagation portion
may be coupled to another end of the second transition por-
tion. According to this spot-size converter, the second curved
waveguide portion can reduce the reflection at the terminal of
the second core layer.

In the spot-size converter according to the present iven-
tion, the first core layer may be composed of at least one of
s1licon nitride, silicon oxynitride, titamum oxide, and alumi-
num oxide; the second core layer may be composed of silicon;
and the thickness of the first core layer may be larger than the
thickness of the second core layer.

In the spot-size converter according to the present iven-
tion, the first core layer may be composed of a polymer; the
polymer may have a refractive index between the refractive
index of the second core layer and the refractive index of the
cladding layer; the second core layer may be composed of
s1licon; and the thickness of the first core layer may be larger
than the thickness of the second core layer. Furthermore, the
polymer constituting the first core layer may contain a ben-
zocyclobutene resin, a polyimide resin, or an epoxy resin. In
addition, the cladding layer may be composed of silicon
oxide.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A schematically shows an optical device having a
spot-size converter according to a first embodiment. FIG. 1B
schematically shows an optical device without a spot-size
converter.

FIG. 2 schematically shows a spot-size converter accord-
ing to a first embodiment.

FIG. 3 shows a light intensity distribution in a spot-size
converter having a gap of 150 nm.

FIG. 4 shows a light intensity distribution 1n a spot-size
converter having a gap of 300 nm.

FIG. 5 schematically shows a spot-size converter accord-
ing to a second embodiment.

FIG. 6 schematically shows a spot-size converter accord-
ing to a third embodiment.

FIG. 7 schematically shows a spot-size converter ol Com-
parative Example 2.

FIGS. 8A and 8B schematically show a spot-size converter
of Comparative Example 3.

FIG. 9 schematically shows a spot-size converter ol Com-
parative Example 4.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

The findings of the present mnvention can be easily under-
stood by considering the detailed description below with
reference to the attached drawings shown as examples.
Embodiments of spot-size converters according to the present
invention will now be described with reference to the attached
drawings. If possible, the same components are denoted by
the same reference numerals.

FIGS. 1A and 1B schematically show an optical device.
FIG. 1A schematically shows an optical device 11 according
to this embodiment. The optical device 11 includes a
waveguide end 11a and a waveguide end 115. Waveguide
devices such as optical fibers 10a and 105 are optically
coupled to the waveguide ends 11a and 115, respectively. The
optical device 11 1s, for example, butt-coupled to the
waveguide devices. The optical device 11 includes a spot-size
converter 13 and a light processing unit 15a. The spot-size
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converter 13 1s disposed on the waveguide end 11a. The light
processing unit 15a 1s optically coupled to the spot-size con-
verter 13 through a waveguide 14a. The optical device 11 also
includes another spot-size converter 12 that 1s optically
coupled to the light processing unit 15q through a waveguide
14b. The spot-size converter 12 1s disposed on the waveguide
end 115. Waveguides 16a and 165 are coupled to the
waveguide ends 11a and 115, respectively. The optical device
11 receives guided light from one of the optical fibers 104 and
106 and transmits the gmided light to the other. The light
processing unit 154 includes optical devices such as an opti-
cal modulator, an optical attenuator, and a wavelength filter.

FIG. 1B schematically shows another optical device that
does not include spot-size converters. An optical device 20
includes a light processing unit 1556. The light processing unit
155 1s coupled to a waveguide 18a that extends directly from
a waveguide end 20a and a waveguide 18b that extends
directly from a waveguide end 205.

FIG. 1A also shows a sectional view taken along line I-I in
the spot-size converter 13 of the optical device 11. The optical
device 11 includes a substrate 17 and a cladding layer 19
disposed onthe substrate 17. A first core layer 23 and a second
core layer 25 are disposed on a principal surface 19a of the
cladding layer 19 so that they are separated in the Y direction
by a separation S. The cladding layer 19 1s composed of, for
example, a dielectric maternial such as S10,. Its principle
surface 19a defines an X-Y plane extends through each of first
core layer 23, second core layer 25, and separation S between
them.The waveguide 14a includes the second core layer 25
and the waveguide 145 includes the second core layer 25. The
waveguide 16a includes the first core layer 23 and the
waveguide 160 includes the first core layer 23. The thickness
of the first core layer 23 1s larger than that of the second core
layer 25, and thus spot-size conversion 1s easily performed.
The second core layer 25 1s composed of silicon and the first
core layer 23 1s composed of a material different from silicon.
The first core layer 23 has a refractive index whose value 1s
between the refractive index of the second core layer 25 and
the refractive imndex of the cladding layer 19. The optical
device 11 includes an over-cladding layer 21. The over-clad-
ding layer 21 1s disposed on the cladding layer 19 so as to
cover the first core layer 23 and the second core layer 25.
First Embodiment

FIG. 2 schematically shows a spot-size converter accord-
ing to this embodiment. In a spot-size converter 13a, the first
core layer 23 has a light input/output portion 27 and a {first
transition portion 29. The light input/output portion 27 and
the first transition portion 29 are disposed 1n order along a first
axis Ax1. The second core layer 25 has a second transition
portion 33 and a propagation portion 35. The second transi-
tion portion 33 extends along a second axis Ax2 and the
propagation portion 335 1s coupled to the second transition
portion 33. The width W3 of the propagation portion 35 1s
substantially constant. The second axis Ax2 extends along the
first axis Ax1. In a preferred embodiment, the second axis
Ax2 1s parallel to the first axis Ax1.

The light input/output portion 27 extends from the end 114
ol the spot-size converter 13a and 1s optically coupled to the
first transition portion 29. The first core layer 23 has one end
23a and another end 235. The one end 234 1s terminated at a
position away from the end 11q of the spot-size converter 13a.
The other end 235 i1s located at the end 11a of the spot-size
converter 13a. The second core layer 25 has one end 254 and
another end 255 (another end 2556 1s shown in FIG. 1A). The
one end 25q 1s terminated at a position away from the end 11a
of the spot-size converter 13a. The light input/output portion
27 has a width W(I/0) that monotonously increases 1n a
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second direction DIRC2 from the first transition portion 29
toward the light input/output portion 27. In other words, The
light mput/output portion 27 has the width W{I/O) that
monotonously decreases 1n a first direction DIRC1 that 1s
opposite to the second direction DIRC2.

The first transition portion 29 and the second transition
portion 33 are disposed so as to have a gap GAP therebe-
tween. The first transition portion 29 1s optically coupled to
the second transition portion 33. The ratio (W1/W2) of the
width W1 of the first transition portion 29 to the width W2 of
the second transition portion 33 monotonously decreases in
the first direction DIRC1 from the light input/output portion
2’7 toward the first transition portion 29.

According to this spot-size converter 13a, when the core
width ratio (W1/W2) monotonously decreases 1n the direc-
tion DIRC1 from the light input/output portion 27 toward the
first transition portion 29, the degree of an optical coupling
between the second transition portion 33 and the first transi-
tion portion 29 gradually changes in the direction DIRC2.
Theretfore, guided light transfers from one of the first and
second core layers 23 and 25 to the other. The width W(1/O)
of the light input/output portion 27 monotonously increases
in the direction DIRC2 from the first transition portion 29
toward the light input/output portion 27, and the thickness of
the first core layer 23 1s larger than that of the second core
layer 25. This structure realizes spot-size conversion, regard-
less of the material of the second core layer 25 and the width
and thickness of the second core layer 25.

In the spot-size converter 13a, the first transition portion 29
of the first core layer 23 and the second transition portion 33
of the second core layer 25 are disposed so as to constitute a
directional coupler.

An embodiment of the spot-size converter 13a will be
described with reference to FIG. 2. In the spot-size converter
13a, the width W2 of the second transition portion 33 prefer-
ably monotonously increases 1n the direction DIRC1 from the
light input/output portion 27 toward the first transition portion
29. The first transition portion 29 has, for example, a substan-
tially constant width. According to this spot-size converter
13a, the second transition portion 33 has a refractive index
higher than that of the first transition portion 29, and the width
W2 of the second transition portion 33 monotonously
increases 1n the direction DIRC1. As a result, the modal field
of light guiding 1n the second transition portion 33 expands 1n
the direction DIRC1. Therefore, light guiding 1n the first core
layer 23 in the direction DIRC1 transiers from the first core
layer 23 to the second core layer 25. Then, the optical ampli-
tude 1n the second core layer 25 increases 1n the direction
DIRC1 because of the expansion of the modal field in the
second core layer 25. Furthermore, light guiding in the sec-
ond core layer 25 1n the direction DIRC2 transfers from the
second core layer 25 to the first core layer 23. Then, the
optical amplitude in the first core layer 23 increases 1n the
direction DIRC2 because of the expansion of the modal field
in the second core layer 25 and an overlapping optical field
between the first core layer 23 and the second core layer 25.

Since the second transition portion 33 1s composed of
silicon, the light guiding in the second core layer 25 1s
strongly confined 1n the second transition portion 33. There-
fore, the modal field of gmded light does not significantly
expand into a cladding layer. The width W2 of the second
transition portion 33 gradually decreases in the direction
DIRC2. In this case, the optical modal field 1n the second
transition portion 33 tends to expand to a region outside the
core layer rather than being confined 1n the core layer. When
the second core layer 235 having the second transition portion
33 1s composed of silicon, a difference 1n refractive indices
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between the second core layer 235 and the cladding layer 1s
large. Theretore, the guided light 1s strongly confined in the

second core layer 25. However, because of the decrease in the
core width, the light guiding in the second core layer 25
expands into the cladding layer located outside the second
core layer 25. This allows the transition of light to the first
transition portion 29.

The first core layer 23 further includes a reflection control-
ling portion 31. The width W4 of the retlection controlling
portion 31 preferably monotonously decreases in the direc-
tion DIRC1 from the light input/output portion 27 to the first
transition portion 29. When a width of the first core layer 23
gradually becomes narrow at one end of the first core layer 23,
the shape of the modal field 1s changed adiabatically. As a
result, the spot size 1s suitably converted into a small spot size.
The t1ip of the reflection controlling portion 31 has a size that
can be resolved by photolithography.

In the spot-size converter 13a, the gap GAP between the
first transition portion 29 and the second transition portion 33
monotonously decreases 1n the direction DIRC1 from the
light input/output portion 27 toward the first transition portion
29. When the gap GAP between the first transition portion 29
and the second transition portion 33 gradually decreases 1n
the direction DIRCI1, the degree of the optical coupling
between the propagation mode 1n the first transition portion
29 and the propagation mode in the second transition portion
33 gradually increases 1n the direction DIRCI.

In the spot-size converter 13a, the over-cladding layer 21 1s
disposed on a principal surface of the cladding layer 19, the
first core layer 23 and the second core layer 25. The over-
cladding layer 21 covers the first core layer 23 and the second
core layer 25. The over-cladding layer 21 1s disposed between
the first transition portion 29 and the second transition portion
33. By adjusting the refractive index of the over-cladding
layer 21 disposed between the first transition portion 29 and
the second transition portion 33, the ratio of the optical cou-
pling between the first transition portion 29 and the second
transition portion 33 is controlled.

The gap GAP between the first transition portion 29 and the
second transition portion 33 i1s, for example, 150 nm or more
and 240 nm or less. When the gap GAP between the first
transition portion 29 and the second transition portion 33 1s
within the above range, the mode transition from one of the
first and second core layers 23 and 25 to the other 1s obtained
with high efficiency or low optical loss.

The width of the first core layer 23 continuously changes at
a coupling portion between the light input/output portion 27
and the first transition portion 29. The width of the first core
layer 23 also continuously changes at a coupling portion
between the first transition portion 29 and the reflection con-
trolling portion 31. The width of the second core layer 25
continuously changes at a coupling portion between the sec-
ond transition portion 33 and the propagation portion 35.

EXAMPLE 1

First, a straight-line waveguide 1s formed on a silicon-on-
insulator (SOI) substrate. The SOI substrate includes a Si
substrate, a lower cladding layer (called “buried oxide (BOX)
layer”) formed on the S1 substrate and composed of silicon
oxide (510,), and a S1 core layer composed of S1. The S1 core
layer 1s formed on the BOX layer. The lower cladding layer
has a thickness of, for example, 2 um and the S1 core layer has
a thickness of, for example, 220 nm. A method for producing
an optical waveguide device will now be described. A resistis
applied onto the S1 core layer, and then a resist mask having a
pattern 1s formed by photolithography. The S1 core layer 1s
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etched by a dry etching process using the resist mask to form
a S1 core layer having a predetermined pattern. The patterned
S1 core layer 1s the second core layer 1n this embodiment. A
S1N film to be a SiN core layer 1s formed on the S1 core layer
and the lower cladding layer. The SiN film has a thickness of,
for example, 3 um. A resist 1s applied onto the SiN {ilm, and
then a resist mask having a pattern 1s formed by photolithog-
raphy. The SiN film 1s etched by a dry etching process using
the resist mask to form a SiN core layer having a predeter-
mined pattern. The S1N core layer composed of SiN 1s the first
core layer 1n this embodiment. After the S1 core layer and the
S1N core layer are formed, an over-cladding layer composed
of silicon oxide (S10,) 1s formed on the lower cladding laver,
the S1 core layer and the SiN core layer. The over-cladding
layer covers the S1 core layer and the SiN core layer. The
over-cladding layer has a thickness of, for example, 5 um.

An example of the spot-size converter 13a 1s shown below.
First core layer 23: SiN, 3 um 1n thickness
Second core layer 25: S1, 220 nm 1n thickness
Length of light imnput/output portion 27: 300 um
Width of light input/output portion 27 (end surface): 3 um
Length of first transition portion 29: 450um
Width of first transition portion 29: 800 nm
Length of reflection controlling portion 31: 300 um
Width of tip of reflection controlling portion 31: 200 nm
Length of second transition portion 33: 440 um
Width of tip of second transition portion 33: 180 nm
Width of propagation portion 35: 450 nm
Gap between first transition portion 29 and second transition

portion 33: 150 nm (minimum) and 240 nm (maximum)

In Example 1, the light input/output portion 27, the reflec-
tion controlling portion 31, and the transition portion 33 each
have a tapered shape.

The S1N core layer in the reflection controlling portion 31
has a tapered shape in which the width of the SiN core layer
increases 1n a transverse direction as the distance from the
transition portion 29 decreases. In the SiN core layer, the
sectional shape of a waveguide core continuously changes
from a quadrilateral having a width of 200 nm and a height of
3 um to a quadrilateral having a width of 800 nm and a height
ol 3 um. Since the sectional shape of the reflection controlling
portion 31 changes 1n a tapered manner, the reflection of light
guiding 1n the S1 core layer at the end surface of the SiN core
layer 1s reduced. The SiN core layer in the transition portion
29 has a width of 800 nm and a height of 3 um. A part of the
transition portion 29 on one end has a constant width, and the
part of the transition portion 29 and the propagation portion
35 of the S1 core layer are 1in parallel with each other. The
length of the part 1s, for example, about 10 um. The gap
between the part of the SiN core layer and the propagation
portion 35 of the Si1 core layer 1s, for example, 150 nm. The
part of the transition portion 29 on one end 1s coupled to the
reflection controlling portion 31.

The light intensity distribution in the spot-size converter
having the above-described structure was calculated. The
wavelength of guided light was 1550 nm. FIG. 3 shows a light
intensity distribution 1n a spot-size converter having a gap of
150 nm.

A waveguide mode that propagates 1n the Si core layer
(which 1s indicated by the second axis Ax2 in FIG. 3) 1s
shifted to the SiN core layer (which 1s indicated by the first
ax1s Ax1 1n F1G. 3) 1n the transition portion and 1s completely
converted, at the S1N waveguide end, 1into a waveguide mode
that propagates 1 the SiN core layer. As a result of the
evaluation of the optical coupling efliciency between the
spot-size converter and a single-mode silica fiber, the optical
coupling efficiency was 69%, which was a significantly
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improved result. Herein, the modal field diameter of the
single-mode silica fiber 1s, for example, 10 um. Even 1f the
length of the transition portion 1s changed from 250 um to 600
um with a gap of 150 nm, the optical coupling efficiency
between the spot-size converter and the single-mode silica
fiber was found to be 1n the range of 65 to 69%. This means
that the acceptable range for the length of the transition por-
tion 1s significantly wide. When one end of the S1 core layer
has a tapered shape, guided light suificiently expands 1nto the
cladding layer and the modal field 1s expanded. Conse-
quently, the mode 1n the Si core layer and the mode 1n the SiN
core layer are easily coupled to each other.

FIG. 4 shows a light intensity distribution 1n a spot-size
converter having a gap of 300 nm. The length of the transition
portion of the SiN core layer 1s 450 nm. As 1n the result shown
in FI1G. 3, a waveguide mode that propagates 1n the S1 core
layer 1s shifted to the SiN core layer in the transition portion.
As shown 1n FIG. 4, 1n the propagation mode, light intensity
periodically changes 1n a transverse direction inside the S1IN
core layer. This means that a higher mode 1s excited compared
with the propagation mode in FIG. 3. In this case, the optical
coupling efliciency between the spot-size converter and a
single-mode silica fiber (SMF) 1s 49%.

Subsequently, the calculation results of the gap depen-
dence of the optical coupling efficiency between the spot-size
converter and a SMF are shown. When the gap 1s 240 nm or
less, the optical coupling efficiency 1s 60% or more. From the
results of FIGS. 3 and 4, the gap 1s preterably 150 nm or more
and 240 nm or less. As shown in FIGS. 3 and 4, light 1s
strongly confined in the propagation portion of the Si core
layer.

Second Embodiment

FIG. 5 schematically shows a spot-size converter accord-
ing to this embodiment. A spot-size converter 1356 includes a
first transition portion 29q nstead of the first transition por-
tion 29 of the spot-size converter 13a. The width W1 of the
first transition portion 29a monotonously decreases 1n the
direction DIRC1 from the light input/output portion 27
toward the first transition portion 29a. The confinement of
light guiding 1n the first transition portion 29« of the first core
layer 23 becomes stronger in the direction DIRC2. As
described above, the width W2 of the second transition por-
tion 33 monotonously decreases 1n the direction DIRC2 from
the first transition portion 29a toward the light input/output
portion 27.

According to the spot-size converter 135, the core width
ratio (W1/W2) gradually decreases in the direction DIRC1
from the light input/output portion 27 toward the first transi-
tion portion 29a. Thus, the degree of the optical coupling
between the second transition portion 33 and the first transi-
tion portion 29a gradually changes in the direction DIRC2 or
DIRCI1. Theretore, the transition of guided light (waveguide
mode) 1s caused from one of the first and second core layers
23 and 25 to the other. Furthermore, the width of the light
input/output portion 27 monotonously increases 1n the direc-
tion DIRC2 from the first transition portion 29q toward the
light 1input/output portion 27, and the thickness of the first
core layer 23 1s larger than that of the second core layer 25. By
employing such a structure, the material of the second core
layer 25 and the width and thickness of the second core layer
25 1s each independently designed 1n order to perform spot-
S1Z€ CONversion.

Since the width W1 of the first transition portion 29q and
the width W2 of the second transition portion 33 each con-
tinuously change, the ratio (W1/W2) monotonously increases

in the direction DIRC2.
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When the width W1 of the first transition portion 29q
monotonously increases in the direction DIRC2, the ampli-

tude of the guided light mode gradually increases in the
direction DIRC2 in the first transition portion 29a of the first
core layer 23. When the width W2 of the second transition
portion 33 monotonously decreases in the direction DIRC2
from the {first transition portion 29a toward the light mput/
output portion 27, the guided light mode gradually expands 1n
the direction DIRC2 1n the second transition portion 33 of the
second core layer 25. In the spot-size converter 135, such an
increase 1n the amplitude of the guided light mode 1n the first
transition portion 294 and such an expansion of the guided
light mode 1n the second transition portion 33 facilitate the
transition ol a waveguide mode from one of the first and
second transition portions 29q and 33 to the other.

When the width W1 of the first transition portion 29a
gradually decreases 1n the direction DIRC1, the modal field of
light guiding 1n the first transition portion 29q 1s changed
adiabatically. As a result, the spot size of the first transition
portion 294 1s also changed. When the width W2 of the second
transition portion 33 gradually decreases in the direction
DIRC2, the modal field of light guiding 1n the second transi-
tion portion 33 1s changed adiabatically. As a result, the spot
s1ze of light guiding 1n the second transition portion 33 1s also
changed. In this embodiment, the first transition portion 29q
has a tapered shape and 1s terminated at the sharp edge of a
tapered portion. With such a tapered portion whose width
continuously decreases, the modal field of light guiding 1n the
first transition portion 29a i1s changed adiabatically and the
spot size 1s also changed. The second transition portion 33 has
a tapered shape and i1s terminated at the sharp edge of a
tapered portion. With such a tapered portion whose width
continuously decreases, the modal field of light guiding 1n the
second transition portion 33 1s changed adiabatically and the
spot size 1s also changed. The adiabatic change of the modal
field of guided light reduces the retlection at the end of the
waveguide.

In the spot-size converter 135, the gap GAP between the
first transition portion 29a and the second transition portion
33 i1s preferably substantially constant in the direction
DIRC2. Also in this configuration, when the gap GAP
between the first transition portion 294 and the second tran-
sition portion 33 1s 150 nm or more and 240 nm or less, the
mode transition from one of the first and second core layers 23
and 235 to the other 1s caused with high efliciency and low
optical loss.

EXAMPLE 2

The width of the transition portion 29a of the SiN core
layer 1s tapered and the width of the transition portion 33 of
the S1 core layer 1s tapered. With this structure, the length of
the transition portions can be decreased to about 200 um
without increasing the optical coupling loss while a high
mode transition efficiency 1s maintained.

Since both core layers have a tapered shape in Example 2,
the gap 1s kept constant, for example, at 150 nm. Conse-
quently, the mode transition between the SiN core layer and
the S1 core layer 1s performed with high efficiency.

Third Embodiment

FIG. 6 schematically shows a spot-size converter accord-
ing to this embodiment. In a spot-size converter 13¢, the first
core layer 23 further has a first curved waveguide portion 31a
that 1s curved on a principal surface of the cladding layer 19.
The first curved waveguide portion 31a 1s coupled to one end
of the first transition portion 294 (or the first transition portion

29 without the retlection controlling portion 31). The light
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input/output portion 27 1s coupled to another end of the first
transition portion 29a. According to this spot-size converter
13c, the first curved waveguide portion 31 a reduces the
reflection at the end of the first core layer 23.

The second core layer 25 further has a second curved
waveguide portion 37 that 1s curved on a principal surface of
the cladding layer 19. The second curved waveguide portion
377 1s coupled to one end of the second transition portion 33.
The propagation portion 33 1s coupled to another end of the
second transition portion 33. According to the spot-size con-
verter 13¢, the second curved waveguide portion 37 reduces
the retlection at the end of the second core layer 25. The radii
of curvature of the first and second curved waveguide por-
tions 31a and 37 are, for example, 3 um or more and 50 um or
less.

EXAMPLE 3

In a spot-size converter in which a curved waveguide 1s
provided at one end of the first transition portion 29a and
another curved waveguide 1s provided at one end of the sec-
ond transition portion 33, the optical coupling efliciency
between the spot-size converter and a SMF 1s 72%. The
optical coupling efficiency 1s improved because a change 1n
the equivalent refractive index of the waveguide adjacent to
the first and second transition portlons 29a, 33 1s adiabatic
and thus the reflection of light 1s suppressed The radi of
curvature of the curved waveguides are, for example, 10 um.

In the spot-size converters 13a, 135, and 13¢ of the above-
described embodiments, the first core layer 23 1s composed of
a dielectric material and contains at least one of silicon
nitride, silicon oxynitride, titanium oxide, and aluminum
oxide. In the spot-size converters 13a, 135, and 13¢, the first
core layer 23 may contain at least a polymer. The polymer has
the refractive index between the refractive index of the second
core layer 25 and the refractive indices of the cladding layers
19 and 21. The polymer 1s composed of a material having a
refractive index that 1s higher than that of the cladding layer
and lower than that of the S1 core layer. For example, the
polymer 1s composed of a benzocyclobutene (BCB) resin, a
polyimide resin, or an epoxy resin.

The width of the first core layer (e.g., S1N core layer) 23 1s,
for example, 400 nm or more and 5 um or less. The height of
the first core layer 23 1s desirably 400 nm or more. This
increases the spot size 1n the first core layer 23 compared with
the spot size in the S1 core layer.

The sectional shape of the end of the first core layer (e.g.,
S1N core layer) 23 on the light input/output portion 27 side 1s,
for example, a rectangle. The sectional shape of the end of the
first core layer (e.g., SiN core layer) 23 on the light mput/
output portion 27 side 1s preferably a square. Thus, the shape
of the modal field of guided light 1s brought to be a round
shape that 1s the same as the shape of the modal field of an
optical fiber (SMF). As a result, the optical coupling effi-
ciency between the spot-size converter and the SMF can be
increased. To further increase the optical coupling efficiency,
the aspect ratio of the sectional shape of the end of the first
core layer 23 on the light mput/output portion 27 side is
desirably width:length=3:1 to 1:1.

The width of the transition portion 33 of the second core
layer (e.g., S1 core layer) 25 1s desirably smaller than that of
the propagation portion 335 of the second core layer (S1 core
layer) 25. This expands a modal field of the second core layer
composed of S1, and the high coupling efficiency between the
second core layer 25 and the first core layer 23 composed of
S1N 1s easily achieved.
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COMPARATIVE

EXAMPLE 1

In Japanese Unexamined Patent Application Publication
No. 2007-93743 (Patent Document 1), a tapered peripheral
core 1s formed around a center core 1n order to expand the
modal field adiabatically and increase the spot size. For
example, 1n the case of a waveguide formed on a S1 substrate,
the center core 1s composed of S1 and the peripheral core 1s
composed of SIN or S10N. In this combination of the mate-
rials, the mode of light strongly confined 1n the center core
hardly expands into the peripheral core (S1N or S1ON) around
the center core. Therefore, the coupling efficiency between
the spot-size converter and a SMF 1s about 25%. In addition,
a reflection of about 1 dB occurs at the end surface of the
waveguide. Thus, even 11 the structure of Patent Document 1
1s applied to the waveguide formed on a Si substrate, high
conversion efliciency of a spot size cannot be expected
because the waveguide formed on a S1 substrate has a signifi-
cantly large difference 1n refractive index between the clad-
ding layer and the core layer.

COMPARAIIVE

EXAMPLE 2

FIG. 7 shows a spot-size converter 9a. In the spot-size
converter 9a, a tapered put/output portion 1 a SiN core
layer composed of SiN 1s coupled to a waveguide portion
having a constant width and one end of the waveguide portion
1s terminated. The waveguide portion having a constant width
in the waveguide with SiN core layer has a length of, 200 um,
for example. In addition, a part of a propagation portion
having a constant width 1n a S1 core layer composed of S1and
the waveguide portion of the SiN core layer are located side
by side at a gap GAP of 150 nm, for example. One end of the
propagation portion having a constant width 1s terminated. In
the SiN core layer and the S1 core layer located side by side,
the width of the SiN core layer 1s the same as the width of the
S1 core layer. Therefore, the ratio of the width of the SiN core
layer to the width of the S1 core layer does not change. In this
structure, a reflection of about 0.4 dB occurs at the terminal A
of the S1 core layer. A reflection of about 0.4 dB occurs at the
terminal B of the SiN core layer. Such reflections caused at the
terminals A and B of the Si1 core layer and the SiN core layer
increase the optical loss of the spot-size converter. This

decreases the coupling efficiency between the spot-size con-
verter and a SMF.

COMPARAITIVE

EXAMPLE 3

FIGS. 8A and 8B show a spot-size converter 95. In the
spot-size converter 9b, a SiIN core layer composed of SiN has
the same thickness as that of a S1 core layer composed of Si1.
Theretore, light 1s weakly confined 1n the SiN core layer. As
a result, the transition of light does not suificiently occur from
one of the S1 core layer and the SiN core layer to the other.
Such insufficient transition of light increases the radiation
loss from an end of the S1 core layer. Thus, the coupling
eiliciency between the spot-size converter 956 and a SMF 1s
about 40%.

In the spot-size converters of the above-described embodi-
ments, the SiN core layer has a larger thickness than the Si
core layer. This can provide a spot-size converter having high
coupling efficiency with a single-mode silica fiber (SMF). For
example, when the first core layer 23 has a thickness of 1 um
or more 1n the spot-size converters 13q, 135, and 13c¢, the
coupling efliciency between each of the spot-size converters
and a single-mode silica fiber (SMF) can be brought to be

60% or more.
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COMPARAIIVE EXAMPLE 4

FIG. 9 shows a spot-size converter 9¢. In the spot-size
converter 9¢, the gap between a S1 core layer composed of Si
and a SiN core layer composed of SiN 1s zero. That 1s, the Si
core layer and the SiN core layer are 1n contact with each
other. In this structure, the Sicore layer and the S1N core layer
1s not separated by a cladding layer having a lower refractive
index than the core layers. As a result, a waveguide including
integrated cores 1s provided. The size of the tip of the S1 core
layer can only be decreased to about 180 nm because of the
limit of lithography technique. Therefore, a reflection of
about 0.5 dB occurs at the terminal (shown by circle A in FIG.
9) of the S1 core layer.

In the spot-size converters 13a, 135, and 13c¢, the S1 core
layer and the SiN core layer are separately provided. To
achieve the optical separation between the S1 core layer and
the SiN core layer, a cladding layer having a refractive index
lower than those of the core layers needs to be provided
between the S1 core layer and the SiN core layer.

Principles of the present invention have been described on
the basis of preferred embodiments with reference to the
drawings. However, those skilled 1n the art will understand
that the embodiments can be changed 1n terms of details
without departing from the principles. Therefore, all the
modifications and changes within the scope and the spirit of
Claims are claimed as the present invention.

What 1s claimed 1s:

1. A spot-size converter comprising:

a cladding layer having a principal surface defining a plane;

a first core layer disposed on the principal surface of the

cladding layer, the first core layer having a light input/
output portion and a {first transition portion having a
width W1 arranged along a first axis, the light input/
output portion extending from an end of the spot-size
converter and being coupled to the first transition por-
tion, the light mnput/output portion having a width that
monotonously decreases in a first direction from the
light 1nput/output portion toward the first transition por-
tion;

a second core layer disposed on the principal surface of the

cladding layer, the second core layer being composed of
a material different from a material of the first core layer,
the second core layer having a second transition portion
extending along a second axis and a propagation portion
coupled to the second transition portion, the second
transition portion having a width W2, the second axis
extending along the first axis; and

an over-cladding layer disposed on the principal surface of
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the first and second core layers, wherein

the first core layer has a refractive index between a refrac-
tive index of the second core layer and a refractive index
of the cladding layver,

the first core layer and the second core layer are located
adjacent to each other and separated from each other by
a separation,

the plane of the principle surface or a plane parallel to the
plane of the principle surface passes through each of the
first core layer, the second core layer and the separation,
and 1s substantially perpendicular to a third axis extend-
ing in a direction of thickness through the cladding layer,
and the first and second core layers,

the first transition portion and the second transition portion
have a gap therebetween,

the first transition portion 1s optically coupled to the second
transition portion,
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the first core layer has a thickness different from a thick-

ness of the second core layer,

the over-cladding layer 1s disposed 1n the gap between the

first transition portion and the second transition portion,
and

a ratio (W1/W2) of the width W1 to the width W2 monoto-

nously decreases 1n the first direction.

2. The spot-size converter according to claim 1, wherein

the first core layer 1s terminated at a position away from the

end of the spot-size converter, and

the second core layer 1s terminated at a position away from

the end of the spot-size converter.

3. The spot-size converter according to claim 1, wherein
the width W2 of the second transition portion monotonously
increases 1n the first direction.

4. The spot-size converter according to claim 1, wherein
the gap between the first transition portion and the second
transition portion 1s 150 nm or more and 240 nm or less.

5. The spot-size converter according to claim 1, wherein
the width W1 of the first transition portion monotonously
decreases 1n the first direction.

6. The spot-size converter according to claim 1, wherein
the width W1 of the first transition portion 1s constant 1n the
first direction.

7. The spot-size converter according to claim 1, wherein
the gap between the first transition portion and the second
transition portion monotonously decreases 1n the first direc-
tion.

8. The spot-size converter according to claim 1, wherein

the first core layer further has a first curved waveguide

portion that 1s curved on the principal surface of the
cladding layer,

the first core layer 1s terminated at a position away from the

end of the spot-size converter,

the first curved waveguide portion 1s coupled to one end of

the first transition portion, and

the light input/output portion 1s coupled to another end of

the first transition portion.

9. The spot-size converter according to claim 8, wherein

the second core layer further has a second curved

waveguide portion that 1s curved on the principal surface
of the cladding laver,

the second core layer 1s terminated at a position away from

the end of the spot-size converter, the second curved
waveguide portion 1s coupled to one end of the second
transition portion, and

the propagation portion 1s coupled to another end of the

second transition portion.

10. The spot-size converter according to claim 1, wherein

the first core layer 1s composed of at least one of silicon

nitride, silicon oxynitride, titanium oxide, and alumi-
num oxide,

the second core layer 1s composed of silicon, and

the thickness of the first core layer 1s larger than the thick-

ness of the second core layer.

11. The spot-size converter according to claim 1, wherein

the first core layer 1s composed of a polymer,

the polymer has a refractive index between the refractive

index of the second core layer and the refractive index of
the cladding layer,

the second core layer 1s composed of silicon, and

the thickness of the first core layer 1s larger than the thick-

ness of the second core layer.

12. The sprit-size converter according to claim 11, wherein

the polymer constituting the first core layer contains a

benzocyclobutene resin, a polyimide resin, or an epoxy
resin.
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13. The spot-size converter according to claim 1, wherein

the cladding layer 1s composed of silicon oxide.

14. The spot-size converter according to claim 1, wherein

the first transition portion of the first core layer and the
propagation portion ol the second core layer are dis-
posed approximately 1n parallel with each other.

15. The spot-size converter according to claim 1, wherein

cach of the first core layer and the second core layer are
disposed directly onthe cladding layer principle surface.

16. The spot-size converter according to claim 1, wherein

the over-cladding layer has a refractive index, and

adjusting the refractive index of the over-cladding layer
controls a ratio of optical coupling between the first
transition portion of the first core layer and the second
transition portion of the second core layer.

17. The spot-size converter according to claim 16, wherein

the over-cladding layer 1s silicon dioxide (810,).

18. The spot-size converter according to claim 17, wherein

the over-cladding layer has a thickness about 5 um.
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